Beneficial rhizobacteria can inhibit foliar pathogen infection by activation of defense responses, yet it the mechanisms of rhizobacteria-induced disease resistance remain largely unknown. Here, inoculation of susceptible maize plants with Pseudomonas fluorescens MZ05 significantly reduced disease occurrence caused by the leaf pathogen Setosphaeria turcica. Gene expression profiles of MZ05-inoculated plants were investigated by RNA-sequencing analyses, showing that several differentially expressed genes were positively associated with the metabolic processes of benzoxazinoids. Accordantly, the inoculation with P. fluorescens MZ05 resulted in a significant increase in the levels of 2,4-dihydroxy-7-methoxy-2H-1,4-benzoxazin-3(4H)-one (DIMBOA) in the maize leaves. Furthermore, pre-inoculation with P. fluorescens MZ05 enhanced the transcription of two defense-related marked genes PAL and PR2a, as well as BX2 and GLU2, which are involved in DIMBOA biosynthesis, in pathogen-infected leaves. Defense responses in the inoculated plants were also greatly stronger and quicker than that in non-inoculated plants after pathogen attacks. However, virus-mediated silencing of BX2 or GLU2 remarkably attenuated the MZ05-induced effects, as evidenced by more disease occurrence and lower transcription of PAL and PR2a. Collectively, these findings indicated that the MZ05-induced increases of DIMBOA levels participated in the mediation of priming, which was the key mechanism in the rhizobacteria-induced host resistance.
Introduction
Plants have evolved a series of complicated defense mechanisms against pathogen infection [1, 2] . Besides the physical and chemical barriers, plants possess inducible defenses that are quickly activated upon pathogen infection [3] . Numerous studies have indicated that colonization of roots by several strains of beneficial rhizobacteria can induce systemic resistance (ISR), which is effective against future pathogen invasion [4] [5] [6] . ISR is not associated with direct activation of defense responses but to a faster and stronger stimulation of basal defenses in the pathogen-infected plants [5, 6] . In maize, the biosynthesis of defensive metabolites benzoxazinoids (BXs) can not only be induced by insects and pathogen attacks but is also generated constitutively and deposited as inactive forms in plant cells [7] [8] [9] . It has previously been shown that beneficial soil microbes can induce systemic defense by the BX-dependent pathways [10] , indicating that the BX-mediated defense responses may be involved in the ISR systems.
Indole-3-glycerol phosphate (IGP) has been well documented to be the pivotal precursor for synthesizing Trp-independent indole-3-acetic acid (IAA) and BXs [11, 12] . In some species of the grasses (Poaceae), BXs can be produced considerably during the early stages of plant growth, and gradually decline as the plant matures [13] . Many studies have revealed positive correlations between the BX levels and plant resistance [7, 14, 15] . BXs are key types of secondary metabolites widely distributed in different maize varieties or inbred lines, which possess the 2-hydroxy-2H -1,4-benzoxazin-3(4H)-one skeleton [16] . The BENZOXAZINELESS1 (BX1) gene encoding an indole-3-glycerol phosphate lyase controls the first step of the BX synthesis, which converts indole-derived IGP into free indole [13] . The BX metabolism largely depends on the levels of indole [13] . This compound can be subsequently converted by four putative cytochrome P450 monooxygenases, BX2 to BX5, into 2,4-dihydroxy-2H-1,4-benzoxazin-(4H)-one (DIBOA) [17] , which can be further glucosidated by the BX8 and BX9 into DIBOA-Glc. BX6 and BX7 can catalyze the conversion of DIBOA-Glc into DIMBOA-Glc [18, 19] . When plants experience pathogen and insect attacks, these glucosidated BXs can be rapidly hydrolyzed to the toxically active forms, such as DIBOA and DIMBOA, by β-glucosidase GLU1 or GLU2 [20] . Increasing evidence indicates that the DIMBOA is involved in defense against pathogenic fungi, aphids, and other pests, suggesting that the elevation of DIMBOA levels is an alternative defensive mechanism of plant adaptation to biotic stress [15, 16] .
It is well demonstrated that soil microorganisms colonized in the plant rhizosphere can improve host resistance to various abiotic and biotic stresses [21, 22] . These beneficial soil bacteria have generally been called plant growth-promoting rhizobacteria (PGPR), and can induce systemic resistance against herbivorous insects and foliar pathogens. Lee et al. [23] have shown that Bacillus amyloliquefaciens HK34 effectively enhance the tolerance of Panax ginseng to the foliar blight pathogen Phytophthora cactorum. Haney et al. [24] have reported that root-associated Pseudomonas sp. CH267 activates the jasmonic acid (JA)-mediated defense against the bacterial foliar pathogen Pseudomonas syringae pv. tomato DC3000. Importantly, PGPR-induced cucumber resistance against beetles has been found to be positively associated with the levels of the secondary metabolite curcubitacin [25] . More recently, rhizobacteria Bacillus spp. were shown to augment the activities of (+)-δ-cadinene synthase genes and thus increase gossypol levels, which contributes to the enhanced cotton resistance against beet armyworm (Spodoptera exigua) [21] . However, it remains unclear whether PGPR can directly or indirectly drive the metabolic changes for maize defense against foliar pathogens and the underlying mechanisms of PGPR-induced host resistance.
In the present study, biochemical and molecular approaches were used to explore the mechanisms of rhizobacteria-induced maize resistance against foliar pathogens. A model experimental system consisting of susceptible maize (Zea mays) and foliar pathogen (Setosphaeria turcica) was employed to investigate the effects of the inoculation of maize plants with Pseudomonas fluorescens MZ05 on plant-pathogen interactions. Our findings provided important insights into the mechanisms underlying the process by which interactions of maize roots with P. fluorescens MZ05 activated the BX-mediated defense systems, which primarily conferred the enhanced resistance against S. turcica in maize plants.
Materials and Methods

Plant and Microbial Materials
The seeds of susceptible maize (Zea mays inbred line Anke35) were provided by Prof. Haibing Yu from the Engineering Technology Institute of Maize Breeding in Anhui Province, China. The maize inbred line Anke35 was susceptible to the hemibiotrophic fungal pathogen S. turcica (Supplementary Figure S1 ). Maize plants were cultured on soil and placed in a growth chamber at 25 °C light (16 h)/22 °C dark (8 h) and 80% relative humidity. Pseudomonas fluorescens strain MZ05 (GenBank No. MN611446) was isolated from rhizosphere soils of the field S. turcica-infected maize inbred line Anke35 and identified by 16S rRNA sequencing. The fungal pathogen S. turcica was cultured at 26 °C on Potato Dextrose Agar (PDA) medium before leaf inoculation.
Assays of Microbial Inoculation
To perform pot experiments, maize seedlings were initially grown on soil for four weeks. The isolated P. fluorescens MZ05 was cultured in liquid Luria-Bertani (LB) medium at 37 °C in a shaker at 180 rpm for 16 h. The culture was centrifuged, and then washed at least three times with sterile water. Subsequently, the soil was inoculated with or without the suspensions of P. fluorescens MZ05 at the final density of 1 × 10 6 , 1 × 10 7 , and 1 × 10 8 CFU g -1 , respectively. After 7 days of soil inoculation with P. fluorescens MZ05, the collected spores of S. turcica (5 × 10 4 spores mL -1 ) were sprayed on the leaves of the non-inoculated and inoculated plants. After 5 days of pathogen infection, disease symptoms were monitored, and total lesion area was measured on the fourth leaves from individual plants using ImageJ software. Statistical analyses for the data were performed from three independent experiments and each experiment consisted of 15 plants.
Analyses of DIMBOA Content by HPLC
To quantify the content of DIMBOA, four-week-old maize seedlings were inoculated with or without bacterial suspensions of P. fluorescens MZ05 (1 × 10 8 CFU/g soil) for 7 days. Then, these plants were treated with S. turcica at 5 × 10 4 conidia mL -1 for 5 days. At the indicated time points before or after pathogen infection, the fourth leaves from 6 plants were collected and pooled to measure the content of DIMBOA, and three independent experiments were carried out. The extraction and analysis of DIMBOA by HPLC were conducted according to the method described by Song et al. [26] , with minor modifications. Briefly, about 1.0 g of fresh maize leaves was harvested and ground in liquid nitrogen. After the addition of 5 mL of extraction solution (methanol/acetic acid: 49/1; v/v), these samples were sonicated for 15 min, and then centrifuged at 12,000g for 20 min. The supernatants were collected to measure the content of DIMBOA by the Agilent HPLC system equipped with a reverse phase C18 column (250 × 4 mm, 5 μm particle size) and diode array detector at 280 nm. The mobile phase was a methanol/gradient water 20:80, 5 min; linear gradient from 20:80 to 30:70, 10 min; 30:70, 20 min; and linear gradient from 30:70 to 20:80, 30 min. In total, 10 μL of extracted samples were injected and the flow rate was kept at 1.0 mL min -1 . Standard DIMBOA was used to analyze the content of DIMBOA in the leaf samples.
Development of Virus-Mediated Gene Silencing (VIGS) in Maize
A virus-mediated gene silencing system in maize plants was developed as recently reported by Zhang et al. [27] . The VIGS vectors, including pTRV1 and pTRV2, were used for this study. Firstly, the fragment of the PDS gene encoding phytoene desaturase in maize plants was amplified by the polymerase chain reaction (PCR). The amplified product was inserted into the pTRV2 by the KpnI and BamHI digestion. Similarly, to generate the recombinant plasmids TRV2::BX2 and TRV2::GLU2, the fragments of BX2 and GLU2 were amplified and inserted into pTRV2, respectively. Maize seeds were surface sterilized using 0.1% HgCl2 for 10 min and then rinsed three times with sterile water. Agrobacterium tumefaciens carrying the pTRV1-and pTRV2-derived vectors (TRV2::PDS, TRV2::BX2 or TRV2::GLU2) was cultured in LB medium at the 600 nm optical density value (OD600) of 0.5, respectively. Then, the culture was mixed in a 1:1 ratio and supplemented with 20 mg L -1 of acetosyringone , 500 mg L -1 of cysteine, and 5 mL L -1 of Tween 20. The germinated maize seeds were immersed in 50 mL of mixed culture, shaken, and subjected to vacuum pressure for 10 min. The mixed culture was put into flasks and co-cultivated at 28 °C at 180 rpm. After co-cultivation, the treated seeds were washed and cultivated in soil. The specific primers used in this experiment are shown in the Supplementary Table S1 .
Analyses of RNA-Sequencing and Quantitative PCR (qPCR)
For RNA-sequencing analyses, four-week-old maize seedlings were inoculated with the suspensions of P. fluorescens MZ05. After 7 days of inoculation, the fourth leaves of 6 non-inoculated or inoculated plants were collected and pooled to extract total RNA for the construction of cDNA libraries by the Illumina Hiseq 2500 platform (Illumina, San Diego, CA, USA). Three biological repeats were carried out for each experiment group. The Agilent 2100 Bioanalyzer was employed to detect the quality and quantity of the RNA samples. Low-quality reads and adaptor sequences were removed from raw RNA-sequencing reads, which were deposited in the NCBI SRA database (accession No. SRR10354628 and SRR10354629). The RNA-sequencing data were further analyzed as described previously by Zhou et al. [22] . Differentially expressed genes (DEGs) between the non-inoculated and inoculated plants were screened by DEGseq at FDR-adjusted p value <0.05 and Log2 (Fold change) >1.0 or <-1.0. Gene ontology (GO) analysis was assigned to these DEGs.
Four-week-old maize seedlings were inoculated with or without the suspensions of P. fluorescens MZ05 (1 × 10 8 CFU/g soil) for 7 days. Then, these plants were treated with S. turcica at 5 × 10 4 conidia mL -1 for 5 days. At the indicated time points before or after pathogen infection, the fourth leaves from 6 plants were collected and pooled to extract total RNAs, and three independent experiments were performed. The extracted RNA samples were then reversely transcribed into cDNA using the M-MLV reverse transcriptase (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's instructions. The synthesized cDNA samples were used as the templates of qPCR reactions, which were performed in an Applied Biosystems (ABI) 7500 PCR machine according to the method reported by Zhou et al. [22] . The PUBQ gene was used as the internal control for normalizing the transcription of targeted genes. The specific primers used in the qPCR experiments are listed in Supplementary Table S1 .
Statistical Analyses
Statistical analyses for the data presented in this study were performed using SPSS (Chicago, IL, USA). The data indicated the means of at least three replicated experiments for each treatment. Differences among the means were compared using one-way analysis of variance (ANOVA) and Duncan's multiple range tests at p < 0.05
Results
P. fluorescens MZ05 Enhances Maize Resistance against S. turcica
To investigate whether P. fluorescens MZ05 enhanced the resistance of maize plants against S. turcica, susceptible maize plants grown on soil were inoculated with MZ05 and subsequently subjected to pathogen infection. In this study, maize seedlings were firstly grown on soil for 4 weeks. Then, the soil was inoculated with or without the suspensions of P. fluorescens MZ05 at the final density of 1 × 10 6 , 1 × 10 7 , and 1 × 10 8 CFU g -1 , respectively. After 7 days of inoculation, a spore suspension of S. turcica at 5 × 10 4 conidia mL -1 was sprayed on the leaves of both the non-inoculated (control) and inoculated plants. As shown in Figure 1a , the fourth leaves of control plants exhibited large spindle-shaped lesions surrounded by necrotic tissues at 5 days post infection (dpi), whereas the inoculation with P. fluorescens MZ05 at 1 × 10 6 CFU/g soil did not reduce the necrotic spots on the leaves. In contrast, plants inoculated with P. fluorescens MZ05 at 1 × 10 7 or 1 × 10 8 CFU/g soil displayed a marked reduction in the total lesion area, producing disease-resistant phenotypes (Figure 1b ). Therefore, these results indicated that the higher inoculum dosage of P. fluorescens MZ05 could markedly enhance the resistance of maize plants to S. turcica. Figure 1 . P. fluorescens MZ05 increased maize resistance against S. turcica. Four-week-old maize plants were treated with different doses (T1, 1 × 10 6 CFU g -1 soil; T2, 1 × 10 7 CFU g -1 soil; T3, 1 × 10 8 CFU g -1 soil) of P. fluorescens strain. After 7 days of inoculation, these plants were sprayed with a spore suspension of S. turcica at 5 × 10 4 conidia mL -1 . After 5 days of pathogen infection, disease symptoms were monitored (a), and total lesion area was measured on the fourth leaves from individual plants using ImageJ software (b). Statistical analyses for the data were performed from three independent experiments and each experiment consisted of 15 plants. Different letters indicate statistically significant differences between the control (Ctrl) and inoculated plants using one-way analysis of variance and Ducan's tests (p < 0.05).
Transcriptome Analyses of P. fluorescens MZ05-Inoculated Maize Plants
To unravel the mechanisms underlying P. fluorescens MZ05's improved host disease resistance, the whole genome expression profiling of maize leaves was carried out using RNA-sequencing. Four-week-old maize plants grown on soil were inoculated with or without the presence of P. fluorescens MZ05 for 7 days. Then, the fourth leaves of non-inoculated (control) and inoculated plants were harvested to extract total RNAs for the analyses of RNA-sequencing. Differential gene expression was identified by the comparison of the control and inoculated plants. Compared with the control plants, 2043 genes were upregulated and 670 genes were downregulated in the inoculated plants ( Supplementary Table S2 ). To explore the biological processes in maize plants that were regulated by P. fluorescens MZ05, gene ontology (GO) analysis was assigned to all the DEGs, and enrichment analysis was also performed by using an false discovery rate (FDR)-adjusted p value <0.05 and fold change >1.0 and <-1.0 as the cutoff.
These DEGs were further functionally classified by the GO enrichment analysis, which were categorized into three groups: Biological process (BP), cellular component (CC), and molecular function (MF) (Figure 2a ). The majority of DEGs was related to several biological pathways, such as photosynthesis, oxidation-reduction, and metabolic processes in the BP category. In the CC category, most the DEGs were significantly related to the photosystem and an integral component of membrane. In the MF category, the DEGs were involved in transferase activity, iron ion binding, oxidoreductase activity, heme binding, and transmembrane transporter activity. As mentioned above, a large number of DEGs were assigned to the metabolic process in the BP category. Among these DEGs, the transcription of two BX biosynthetic genes BX2 and GLU2 was differentially expressed in the inoculated plants compared with the controls, which was reflected by upregulation of the BX2 and GLU2 transcripts (Figure 2b) . Consistently, qPCR analyses showed that the transcription levels of BX2 and GLU2 were markedly induced in maize plants after exposure to MZ05 (Figure 2c,d ). In addition, qPCR was used to determine the transcription of eight randomly selected DEGs. The changing trends of these genes were in accordance with the data of RNA-sequencing (Supplementary Figure S2) . 
Induction of Leaf DIMBOA Biosynthesis by P. fluorescens MZ05
In order to examine if the resistance of MZ05-inoculated maize plants to S. turcica was positively related to the levels of DIMBOA, the content of DIMBOA was quantified in the leaves of both the control and inoculated plants. As shown in Figure 3a , no significant differences in the levels of leaf DIMBOA were observed between the control and inoculated plants after 1 day of MZ05 inoculation. However, up to 3 days after bacterial inoculation, the accumulation of DIMBOA in the MZ05-inoclauted leaves was notably higher than that in the controls (Figure 3a) . The contents of DIMBOA were further increased in the leaves of plants exposed to 7 days of bacterial inoculation (Figure 3a) .
The fungal pathogen S. turcica also further promoted the accumulation of DIMBOA in the maize leaves (Figure 3b ). On the first day of the assays (Day-1), the levels of DIMBOA in the non-inoculated plants infected by S. turcica were remarkably lower than in the inoculated plants. The amount of DIMBOA was notably higher on Day-3 and -5 than on Day-1 in the inoculated plants and remained low in the controls with fungal infection. Furthermore, the transcription of two genes involved in the biosynthesis of DIMBOA was quantified in the pathogen-infected plants by qPCR. As shown in Figure 3c ,d, the expression levels of the BX biosynthetic genes BX2 and GLU2 were markedly higher in the leaves of the inoculated plants than that of the non-inoculated plants. 
Involvement of DIMBOA in Maize Defense Responses against S. turcica
To assess if the increased DIMBOA levels conferred the enhanced resistance of maize plants to S. turcica, we analyzed the infection degree of S. turcica in the leaves of empty TRV-infected control (TRV::00), TRV::BX2, and TRV::GLU2 plants with or without the presence of MZ05. In this study, a virus-mediated gene silencing system was firstly developed in the maize plants. As shown in Figure 4a , compared to the control (TRV::00) plants, the PDS gene was largely silenced in the leaves of 2-week-old TRV::PDS plants, displaying the typical photobleaching symptoms. In addition, there were no significant differences in the phenotype and fresh weights among the control, TRV::BX2, and TRV::GLU2 plants (Figure 4b,c) . The S. turcica-infected leaves at 5 dpi were used for the observation of necrotic tissues. As shown in Figure 4d ,e, the inoculation with MZ05 failed to inhibit fungal invasion and reduce lesion spots in the TRV::BX2 and TRV::GLU2 plants compared with the controls. We also determined the levels of DIMBOA in the leaves of pathogen-infected plants (Figure 4f ). At 5 dpi, the S. turcica-treated control plants displayed greatly higher DIMBOA levels as compared to the TRV::BX2 or TRV::GLU2 plants. Moreover, virus-mediated silencing of BX2 or GLU2 abrogated the increased DIMBOA levels in the inoculated plants, which was consistent with the occurrence of disease symptoms. Subsequently, these plants were inoculated with P. fluorescens MZ05 (1 × 10 8 CFU/g soil) for 7 days. After that, the inoculated plants were sprayed with a spore suspension of S. turcica at 5 × 10 4 conidia mL -1 for 5 days. Then, these plants were used to analyze disease symptoms (d), total lesion area (e), and DIMBOA content (f). Different letters indicate statistically significant differences between the non-inoculated and inoculated plants as analyzed by Ducan's tests (p < 0.05).
We further examined the transcription of two defense-related marker genes, including both the phenylalanine ammonia-lyase (PAL) and β-1,3-glucanase (PR2a) genes, in the leaves of maize plants exposed to MZ05 (S) and/or S. turcica (P). The expression of PAL and PR2a was remarkably higher in response to dual inoculation (S + P) than those in the non-inoculated (control) plants (Figure 5a,b) . By contrast, the inoculation of MZ05 or S. turcica alone slightly upregulated the transcription of PAL and PR2a compared with the control plants (Figure 5a,b ). However, virus-mediated silencing of BX2 or GLU2 attenuated the MZ05-induced effects observed in pathogen-infected plants, as evidenced by lower transcription of PAL and PR2a (Figure 5c,d) . Hence, our data indicated that the inoculation with MZ05 increased leaf DIMBOA levels and further effectively induced host defense responses, thereby hampering the pathogen infection. 
Discussion
The findings of the present study indicated that the beneficial soil bacterium induced the biosynthesis of BXs in the susceptible maize inbred line Anke35, with ramifications for plant-foliar pathogen interactions. Specifically, a higher accumulation of DIMBOA was detected in the leaves of P. fluorescens MZ05-inoculated maize plants compared with non-inoculated plants. Furthermore, the transcription levels of BX2 and GLU2 involved in the biosynthesis of BXs were distinctly higher in the inoculated plants than the non-inoculated plants. The increased levels of DIMBOA in the inoculated plants were closely related to the enhanced host resistance against the necrotrophic fungus S. turcic. Therefore, exposure to the rhizobacteria strain P. fluorescens MZ05 can induce the biochemical and molecular alterations in maize plants, with significant ramifications for plantpathogen interactions.
Plants can defend against multiple biotic factors by the constitutive and inducible defense mechanisms [1] [2] [3] . The inducible defenses encompass various strategies, such as the promoted biosynthesis of phytoalexins [28] [29] [30] [31] , the enhanced activities of enzymes involved in the biosynthesis of antimicrobial compounds [32] [33] [34] , and the increased expression of pathogenesis-related (PR) proteins [35] [36] [37] [38] . Phytoalexins have been identified as important antimicrobial metabolites for plant defense against pathogens and pests [28] [29] [30] [31] . Its synthesis can be quickly induced by the attacks of microbial pathogens and aphids, implying that the biosynthesis of phytoalexins is one of the most pivotal defensive tactics in plants against adverse biotic factors [13, 39] . BXs are one of the ubiquitous phytoalexins in gramineous plants, such as rye, wheat, and maize, and other monocotyledoneae plants that are involved in defense responses against pathogens [40] [41] [42] . DIMBOA and DIBOA are the two major types of BXs that exhibit strong inhibitory effects on microbial pathogens and pests [7] . Many studies have indicated that high levels of DIMBOA can increase plant resistance against a wide range of pathogens, such as Ostrinia nubilalis [43] , Rhophalosiphum maydis [44] , Diplodia maydis [45] , Rhizoctonia solani [26] , and Setosphaeria turcica [46] . In addition, the accumulation of DIMBOA and other hydroxamic acids in roots plays a critical role in inhibiting the growth of Gaeumannomyces graminis, the causal agent of the take-all disease of cereals, including barley and wheat [47] . In this study, the inoculation with P. fluorescens MZ05 induced a marked increase of DIMBOA levels in the susceptible maize plants, indicating that P. fluorescens MZ05 could be sufficient to trigger systemic synthesis of DIMBOA. We also found that pathogen infection can further promote the accumulation of DIMBOA in the inoculated leaves. It has previously been shown that DIMBOA can strongly inhibit the growth of Setosphaeria turcica in vitro [46, 47] . This implied that the accumulation of leaf DIMBOA induced by MZ05 may play a vital role in the reduction of disease occurrence caused by the fungal pathogen. Similar results have been reported by a previous study, in which induction of DIMBOA synthesis by arbuscular mycorrhizal fungus (AMF) improved the disease resistance of maize plants against sheath blight caused by Rhizoctonia solani [26] .
The cyclic hydroxamic acids DIBOA and DIMBOA are involved in maize defense against microbial pathogens [8] [9] [10] . In this study, the inoculation with P. fluorescens MZ05 induced increases of BX2 and GLU2, two key genes in the biosynthetic pathways of DIMBOA [19, 20] , in the leaves of the susceptible maize inbred line Anke35. BX2 is one of the cytochrome P450-dependent monooxygenases that catalyzes consecutive hydroxylations and one ring expansion to form the highly oxidized DIBOA, which can be transformed into DIMBOA-Glc [19] . Upon exposure to insect and pathogen infection, DIBOA-Glc and DIMBOA-Glc can be further hydrolyzed by the β-glucosidases GLU1 or GLU2 to produce the bio-active BXs [20] . Previously, root colonization of AMF induces the transcription of BX9 and thus leads to higher levels of DIMBOA in maize plants [26] . Therefore, transcript induction of BX2 and GLU2 in the susceptible maize plants suggested induced DIMBOA biosynthesis, which was consistent with the increased levels of DIMBOA in the leaves. In the susceptible maize plants, the inoculation with P. fluorescens MZ05 significantly enhanced the transcription of BX2 and GLU2, and pathogen infection induced further increases of these genes after pathogen attack. Furthermore, P. fluorescens MZ05 did not upregulate the expression of other two defense-related genes PR2a and PAL in the leaves of maize plants, whereas pathogen infection induced high-level transcription of PR2a and PAL in leaves of the MZ05-inoculated maize plants. Upregulation of PR2a and PAL transcripts has previously been shown to effectively activate pathogen-induced plant defense responses. Here, virus-mediated silencing of BX2 or GLU2 largely attenuated the enhanced accumulation of DIMBOA in the leaves of MZ05-inoculated maize plants. Furthermore, the inoculation with P. fluorescens MZ05 failed to increase the transcription of PR2a and PAL, and disease resistance in both the TRV::BX2 and TRV::GLU2 plants, indicating that P. fluorescens MZ05 enhanced maize defense against foliar pathogen by the DIMBOA-mediated defense responses.
In fact, either necrotrophic pathogens or beneficial microbes have the ability to provoke host plants to induce priming that is a more effective defense response [48] [49] [50] [51] . These primed plants often display stronger and quicker defense responses upon exposure to subsequent pathogen or insect attacks [49] . Ton et al. [52] have also shown that caterpillar-infested plants can release volatile organic compounds to prime defense systems for stronger and earlier induction of subsequent defense rather than to activate defense responses directly. In this study, P. fluorescens MZ05 inoculation itself did not change the transcripts of most defense genes and only upregulated the expression of two BX biosynthetic genes, including BX2 and GLU2. However, induction of defense responses in the pre-inoculated plants was much quicker and stronger than that in the non-inoculated plants upon pathogen infection, confirming that the BX-mediated priming effects may also be an effective defense mechanism in the P. fluorescens MZ05-induced resistance.
Conclusions
In summary, the inoculation with P. fluorescens MZ05 increased the resistance against the fungus S. turcica and caused higher levels of DIMBOA in the leaves of susceptible maize plants. In this study, a model was proposed for the MZ05-induced disease resistance, in which the inoculation with P. fluorescens MZ05 induced a significant increase of the biosynthesis gene of BXs, including BX2 and GLU2, in the plants. Upon exposure to pathogen attacks, higher accumulation of DIMBOA and upregulation of two defense-related marker genes, including PAL and PR2a, were detected in the leaves of inoculated plants compared with the non-inoculated plants. Taken together, our findings indicated that the activation of BX-mediated defense responses induced by P. fluorescens MZ05 confers enhanced disease resistance in maize plants.
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